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Accurate description of charge transport in organic field effect transistors using an experimentally
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The width and shape of the density of states (DOS) are key parameters to describe the charge transport of
organic semiconductors. Here we extract the DOS using scanning Kelvin probe microscopy on a self-assembled
monolayer field effect transistor (SAMFET). The semiconductor is only a single monolayer which has allowed
extraction of the DOS over a wide energy range, pushing the methodology to its fundamental limit. The measured
DOS consists of an exponential distribution of deep states with additional localized states on top. The charge
transport has been calculated in a generic variable range-hopping model that allows any DOS as input. We show
that with the experimentally extracted DOS an excellent agreement between measured and calculated transfer
curves is obtained. This shows that detailed knowledge of the density of states is a prerequisite to consistently
describe the transfer characteristics of organic field effect transistors.
DOI: 10.1103/PhysRevB.85.085202 PACS number(s): 72.80.Le, 68.37.Ps
I. INTRODUCTION
Organic semiconductors are applied in organic photovoltaic
cells, organic light emitting diodes, and organic field effect
transistors (OFETs). The charge transport in organic semicon-
ductors can be described by taking into account the disordered
microstructure.1–4 Crucial in the reported models is the
characteristic width and shape of the density of states (DOS).5
Presently, a certain shape, typically a single exponential or
Gaussian, is assumed and its width and height are fitted to
describe the transfer curve of field effect transistors. Several
techniques have been used to extract the DOS independently
from the electrical I-V characteristics.6–11 A complication
arises when the technique used affects the DOS itself, such
as electrochemical oxidation and reduction.12 Preferably a
method is used that determines the DOS without changing
the state of the semiconductor and without making physical
contact. Here we use scanning Kelvin probe microscopy
(SKPM) on functional field effect transistors as introduced
by Tal et al.11 By probing the local surface potential in the
channel as a function of the applied gate bias the DOS of the
organic semiconductor can be extracted. It has been shown
that the use of a thick semiconducting film limits the energy
range over which the DOS can be accurately determined.8
Hence, we here use a monolayer of semiconducting molecules
self-assembled in a field effect transistor (SAMFET).13
To model the electrical transport in a transistor, usually a
shape of the DOS is assumed. By fitting the I-V characteristics,
key parameters of the DOS as characteristic temperature or
width are obtained. A direct validation of these parameters
does not exist. Here we calculate the charge transport using
a generic variable range-hopping model that allows any
DOS as input. With the experimentally extracted DOS as
input an excellent agreement between modeled and measured
transfer curves is obtained; with a single exponential DOS an
unsatisfactory description is obtained. This shows that a priori
knowledge of the DOS is a prerequisite to accurately predict
the charge transport in organic semiconductors.
II. SKPM METHOD
The operation mechanism of SKPM is elucidated in Fig. 1.
In black the figure depicts the situation where the gate is at the
flat band voltage and the self-assembled monolayer (SAM) is
grounded. No electrostatic field is present between the gate
and the SAM and, therefore, no charges are accumulated.
With SKPM a bias Vskpm is applied to the tip such that
the electrostatic field between tip and surface is nullified.
In orange the figure depicts the situation where a negative
gate bias is applied to accumulate holes. The added charges
fill the highest occupied molecular orbital (HOMO) of the
semiconductor. Consequently the HOMO-level EHOMO shifts
with respect to the Fermi level EF that is fixed by the grounded
source and drain electrodes. The change of the HOMO level
with respect to the Fermi level is measured with SKPM as
EHOMO = qVskpm, with q the elementary charge.
The DOS is extracted from the measured surface potentials
as function of gate bias, Vg . By decreasing the gate bias
with VG, a number of holes p is accumulated in the
semiconductor:
p = C(VG − Vskpm)/qdorg, (1)
in which C is the areal capacitance of the gate dielectric and
dorg is the thickness of the semiconductor. At the same time
the shift of the HOMO level EHOMO is measured by SKPM.
With this information the DOS of the HOMO at the Fermi
level is extracted as












This equation only holds at T =0 K and when the potential
distribution in the semiconductor is homogeneous. These two
assumptions are considered in more detail below.
First we investigate the implications of the assumption of
T = 0 K. At finite temperatures a distribution of states around
EF will be filled. As a result the shift of the HOMO level
will not only depend on the DOS at EF , but also on the DOS
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FIG. 1. (Color online) Energy band diagram of the Kelvin probe
experiment. In black is depicted the situation when no gate bias is
applied and with the orange dashed line the situation when a negative
gate bias VG is applied.
around EF . This leads to a broadening of the measured DOS.
For the specific case of an exponential DOS and T <T0 the
hole concentration can be written as14








in which T0 is the characteristic temperature of the exponential
DOS, Nexp is the total number of exponential states, and kB is
Boltzmann’s constant. By taking the derivative of Eq. (3) with
respect to EF and combining with Eq. (1), an equation similar
to Eq. (2) is obtained, but with the right-hand side multiplied













The correction factor is close to unity as long as T T0. For
temperatures around T0, Eq. (4) no longer holds. Numerical
calculations have shown that at high temperature (TT0) it is
impossible with SKPM to accurately measure the DOS; the
DOS will be broadened to at least kBT .
To circumvent calculating the numerical derivative in
Eq. (4), Eqs. (1) and (3) can be combined directly into14
g(Ef ) = C
dorgq
(VG − Vskpm − V0) sin(πT/T0)
πkBT
, (5)
where V0 is the difference between VG and Vskpm when the
transistor is put in the off state; all charges are depleted and
V0 = VG(p = 0) − Vskpm. The shape of the DOS can then
directly be obtained.
If charges are nonuniformly distributed over the thickness
of the semiconductor the second assumption breaks down.
In conventional thin films with a thickness of more than
several tens of nanometers, the assumption does not hold for
any given gate bias.15 Celebi et al. have measured the DOS
for different thicknesses of the semiconductor. They indeed
report an increase of the measurable range of the DOS with
decreasing layer thickness.8 Here we use a semiconducting
monolayer. The film is only one molecule thick, which pushes
the methodology to its fundamental limit.
III. EXPERIMENT
The SAMFETs were prepared as described previously.13,16
Transistor test substrates were used that consist of heavily
doped silicon wafers acting as a common gate electrode, with
thermally grown SiO2 as gate dielectric, and lithographically
prepatterned Au source and drain electrodes. A monolayer of
a functionalized quinquethiophene molecule is self-assembled
from solution onto the SiO2 gate dielectric. The chemical
structure is shown in the inset of Fig. 2(b). The resulting
SAMFET was annealed in vacuum at 120 ◦C for 1 h before
measuring. We used a channel width of 10 mm, channel length
of 5 μm, and a gate capacitance C = 17 nF/cm2. Noncontact
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T0 = 1220 K
FIG. 2. (Color online) (a) Symbols: measured surface potential as function of the applied gate bias. Solid line: calculated Vskpm at 295 K
based on the extracted DOS [solid line in (b)]. Dashed line (right axis): transfer curve at 295 K. (b) DOS vs energy. Symbols: measured values.
Solid line: fitted DOS. Dash-dotted line: calculated shape of the DOS when it is measured at 295 K. The thin dashed lines are drawn to clarify
the Gaussian and the exponential part of the DOS. Inset: structure of the SAM molecule.
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atomic force microscopy (AFM) and SKPM measurements
were performed with an Omicron VT-SPM connected to a
Nanonis controller in ultrahigh vacuum (10−9 mbar). Pt-Ir
coated AFM tips (PPP-EFM, Nanosensors, fres ≈ 70 kHz)
were used. For SKPM a 1 V AC tip voltage was applied
during scanning. Before measuring the surface potential as
a function of the gate voltage, a surface area of 6×3 μm2
was checked for full coverage with the SAM. In situ transfer
characteristics were measured to check the mobility and the
position of the threshold voltage of the SAMFET. During
gate sweeps a low ramp speed of the gate bias (∼5 mV/s)
was used in the SKPM measurements in the subthreshold
regime, in order to assure steady state and to assure that the
measured surface potentials are the same for both scanning
directions. Temperature-dependent transfer characteristics of
the SAMFETs were measured in the linear regime (drain bias
VD = −2 V) in a high-vacuum (10−6 mbar) probe station with
a Keithley 4200.
IV. RESULTS AND DISCUSSION
Figure 2(a) shows the measured surface potential and the
corresponding transfer curve of the SAMFET. The transistor
is depleted at gate biases higher than the threshold voltage VT .
The SAM does not screen the gate, and SKPM then measures
the gate voltage. When VG is below VT the transistor is on
and the accumulated charges start to screen the gate bias. The
change in Vskpm is then a result of the shift of the HOMO level
with respect to the Fermi level and can be used to calculate
the DOS as explained above. However, at gate voltages below
−15 V the measured surface potential becomes independent
of the applied gate voltage [Fig. 2(a)]. Such invariance of the
surface potential has been observed before for thicker layers,
where the assumption of an independent vertical potential
distribution in the semiconductor breaks down at relatively
low gate fields. Here, for the SAM, the assumption breaks
down at a much higher gate field and, consequently, a larger
range of the DOS is probed.
The DOS as calculated from both Eqs. (4) and (5) is shown
in Fig. 2(b). The deep lying states (energies below −0.4 eV)
that are measured in the subthreshold regime can be described
by an exponential function with a width T0 of 1220 K.
Comparable high T0 values are found in other direct DOS mea-
surements on organic transistors.6–11,17 However, the values are
much higher than those found from direct fitting of the entire
transfer characteristics with mobility models based a single
exponential DOS. Typically a temperature of about 500 K
is reported.4,18,19 A reason for the discrepancy is a steeper
DOS at higher energies.
Figure 2(b) shows that energies higher than about −0.4 eV,
the measured DOS indeed starts to increase and the character-
istic temperature decreases. We note that the extracted points at
the upper highest energies are unreliable. There the assumption
of an independent potential distribution in the semiconductor
breaks down. However, within the experimental accuracy the
DOS increases significantly with energy.
To describe the measured DOS we add on top of the
exponential DOS additional localized states. To limit the total
number of states we describe this part not with an exponential
function but with a Gaussian one. The DOS as extracted from





















with NGauss the number of Gaussian states, σGauss = 0.075 eV
the width of the Gaussian DOS, T0 = 1220 K and Nexp =
1.0 × 1020 cm−3. The total number of states NGauss + Nexp =
5 × 1021 cm−3 is fixed by the molecule density of the SAM.
The DOS is measured at finite temperatures and the measured
DOS will consequently include thermal broadening. The mea-
surements should therefore be compared to the extracted DOS
including the thermal broadening. The thermally broadened
extracted DOS is shown with the dash-dotted orange line in
Fig. 2(b). We note that the width of the Gaussian DOS cannot
accurately be extracted from the measurement. However, we
show below that the functional dependence and the choice
of the parameters of the additional part of the DOS are not
critical. Important is that extracted DOS can accurately be
described, especially the part where the DOS deviates from an
exponential dependence.
The charge transport in organic semiconductors is domi-
nated by thermally assisted hopping of charge carriers between
localized states. The magnitude of the current depends on the
shape of the DOS. To model the charge transport we use a
hopping transport model that allows an arbitrary density of
states as input. To this end we follow the Mott-Martens-type
approach, which assumes that only hops from the Fermi level
to a typical transport level E∗ contribute to the conductivity.
The transport level is the characteristic energy to which a
carrier has to hop in order to contribute to the conduction.
The Mott-Martens approach was previously shown to provide
a good description for VRH-hopping systems.2,20 In brief,
the number of states, B, that can be reached in a single hop
depends on the DOS, the maximum hopping distance R, and




g(E − EHOMO)dE. (7)
The onset of macroscopic conduction is reached when a
percolating path is formed. This occurs when each site is
connected to a critical number of bonds Bc. Percolation theory
has shown that for a two-dimensional hopping medium such
as the present SAMFET Bc = 4.5.21
In order to calculate the integral in Eq. (7), the position of the
Fermi level with respect to the HOMO level has to be known.
The Fermi level depends on the charge density accumulated in
the channel. This density, p(Vg), is electrostatically induced
by the gate bias and follows from Eq. (1) as p(VG) =
(VG − Vskpm − V0)C/qdorg. In calculating the charge density
the spatial variation of the potential as a result of the applied
drain bias is taken into account as described previously.18 The
position of the Fermi level with respect to the HOMO level
can now be obtained by numerically solving
p(VG) =
∫
f (E − EF )g (E − EHOMO) dE, (8)
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FIG. 3. (Color online) The source-drain current vs applied gate bias (a) and vs temperature (b). Symbols: measured data. The data is
fitted with the numerical VRH model described in the text using the measured DOS as input (solid lines, α−1 = 0.41 nm), and using a single
exponential DOS as input (dash-dotted lines, T0 = 750 K, α−1 = 0.58 nm).
where the integral runs over all energies and where f is the
Fermi-Dirac distribution function.
The probability P for a charge carrier to hop over a
spatial distance R with energetic distance E (E>0)
is given by the Miller-Abrahams expression22 P (R,E) =
exp(−2αR − E/kBT ) where α−1 is a measure for the
localization length. The values of R and E are varied
to optimize the probability P (R,E), under the constraint
that each site is connected to the critical number of bonds
B = BC . The values obtained for R and E are the typical
hopping distance R∗ and the typical activation energy E∗.
The calculated activation energy and hopping distance are a
function of gate bias and temperature. Finally, the conductivity
σ is assumed to be proportional to this optimized value
of P : σ (p,T ) = σ0P (R∗,E∗), where σ0 is a conductivity
prefactor. The hopping model can be used to calculate the
electrical transport in a field effect transistor. The input
parameters are the shape and magnitude of the DOS, g(E),
and the localization length α−1.
The transfer curves of the SAMFET, source drain current
as a function of gate bias, are measured for temperatures
between 83 and 295 K and presented in Fig. 3(a). We first
fitted the measured current using a single exponential DOS.
The best fit is obtained for a characteristic temperature of 750
K and is presented by the dash-dotted lines. A good agreement
is obtained in accumulation at high gate biases. In the
subthreshold region, up a to gate bias of −10 V, the calculated
current significantly deviates from the measured current. This
discrepancy is expected because SKPM measurements clearly
show that in this bias range the characteristic temperature of
the DOS is 1220 K, instead of 750 K. A good description
of the transfer curves over the entire gate bias range is
obtained using the extracted DOS. The calculated currents
are presented in Fig. 3(a) by the fully drawn curves. The
input parameters were a localization length of 0.48 nm, a
characteristic temperature of the exponential part of the DOS
as 1220 K and a width of the Gaussian part of the DOS
of 0.075 eV. The excellent agreement for low gate biases
follows directly from the measured exponential density of
states. At higher bias an excellent agreement is obtained
due to the increase of the extracted DOS at higher energies.
The calculated currents are insensitive to the width of the
Gaussian DOS. Comparable currents were obtained using
σGauss = 0.09 eV and σGauss = 0.06 eV.14 The origin of this
insensitivity as well as the origin of the nonconstant activation
energy is discussed below.
The drain current as a function of temperature is presented
in Fig. 3(b) for gate biases between −5 and −35 V. The
current does not follow a simple Arrhenius behavior. The
activation energy as calculated above is temperature depen-
dent; it increases with decreasing temperature. The current
is first calculated using the single exponential DOS with
characteristic temperature of 750 K, similar to Fig. 3(a). The
calculated currents are presented by the dash-dotted lines. A
reasonable agreement is obtained. A much better agreement,
however, is obtained when the current is calculated using the
extracted DOS, presented by the solid lines.
The current and activation energy follow from the position
of the Fermi level in the DOS and the transport level E∗. The
Fermi level is calculated from the extracted DOS by Eq. (9)
and presented by the fully drawn line in Fig. 4(a). The three
lines correspond to temperatures between 77 and 295 K. The
top x axis represents the gate bias, and the bottom x axis
the corresponding induced charge density. The transport level
E∗ is given by the Fermi energy plus the typical activation
energy E∗, derived above. The transport level is presented
for temperatures between 77 and 295 K in Fig. 4(a) as the dash-
dotted lines. The activation energy decreases with increasing
charge density.
At low gate bias the Fermi level is located in the exponential
part of the DOS. Therefore in the semilogarithmic representa-
tion a straight line is obtained. At higher bias the Fermi level
is located in the Gaussian part of the extracted DOS. Slight
variations in the width of the DOS therefore have a minor
influence on the Fermi energy and hence on the quality of
the fitted transfer curves. For this reason the DOS at those
energies can be equally well be described by an exponential
function. This shows that the functional dependence for the
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FIG. 4. (Color online) (a) Calculated position of the Fermi level EF (solid lines) and the typical transport energy E∗ (dashed lines) as
function of the charge density p (bottom axis) and of the corresponding gate bias (top axis). (b) Calculated values for the typical hopping
distance R∗ as function of the charge density p (bottom axis) and of the corresponding gate bias (top axis). The situation for three temperatures
is depicted with three different colors.
shape of the DOS is not critical for the fit of the transfer
curves.
To test the internal consistency of our variable range-
hopping model we have also calculated the typical hopping
distance R∗. The distances are presented as a function of
induced charge density and temperature in Fig. 4(b). Firstly,
since the charge transport sites are assumed to be localized, the
hopping distance should be larger than the localization length
which is indeed the case. Secondly, we find for all conditions
that the hopping distance is larger than the nearest-neighbor
distance Rnn, calculated from the areal density of thiophene
units as 0.58 nm, which is a prerequisite for true variable range
hopping. The calculations show that the system approaches
nearest-neighbor hopping at very high temperature and charge
density.
V. CONCLUSION
In summary, we have measured the density of states
using SKPM. The DOS can be extracted when the potential
distribution perpendicular to the channel is homogeneous. The
thicker the semiconductor, the smaller the part of the DOS
that can reliably be probed. Here we use a self-assembled
monolayer field effect transistor (SAMFET). The thickness is
comparable to the thickness of the accumulation layer which
has allowed us to extract the DOS over a large energy range.
The DOS extracted at low energies consists of an exponential
distribution of deep states with a characteristic temperature of
1220 K. The measurements show that at higher energies the
DOS increases. The additional localized states are represented
by a Gaussian function. To model the charge transport in the
SAMFET we use a hopping transport model that allows any
arbitrary density of states. With a single exponential DOS
the transfer curves cannot adequately be described. However,
with the experimentally extracted DOS as input a near-perfect
agreement is obtained. This shows that detailed knowledge
of the density of states is a prerequisite to consistently
describe the transfer characteristics of organic field effect
transistors.
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